We find evidence that the newly discovered Fe-based superconductor KCa2Fe4As4F2 (Tc = 33.36(7) K) displays multigap superconductivity with line nodes. Transverse field muon spin rotation (µSR) measurements show that the temperature dependence of the superfluid density does not have the expected behavior of a fully-gapped superconductor, due to the lack of saturation at low temperatures. Moreover, the data cannot be well fitted using either single band models or a multiband s-wave model, yet are well described by two-gap models with line nodes on either one or both of the gaps. Meanwhile the zero-field µSR results indicate a lack of time reversal symmetry breaking in the superconducting state, but suggest the presence of magnetic fluctuations. These results demonstrate a different route for realizing nodal superconductivity in iron-based superconductors. Here the gap structure is drastically altered upon replacing one of the spacer layers, indicating the need to understand how the pairing state is tuned by changes of the asymmetry between the pnictogens located either side of the Fe planes.
Following the discovery of the second family of high temperature superconductors, the iron pnictides 1,2 , there has been considerable effort to understand the underlying mechanism for the formation of Cooper pairs. Identifying the pairing symmetry is one of the most important means of determining the mechanism, for which it is vital to characterize the superconducting gap structure 3 . Many iron-arsenide-based superconductors have been proposed to have s ± pairing symmetry where the superconductivity is mediated by spin fluctuations 4, 5 . Here the superconducting gap remains fully open across the whole Fermi surface, but there is a change of sign of the gap between the hole pockets at the Brillouin zone center and the electron pockets at the zone edge. This scenario is well supported by measurements of the gap symmetry of many compounds, where evidence for two-gap nodeless superconductivity is found [6] [7] [8] [9] [10] [11] [12] [13] .
However, the universality of this picture was called into question by the observation of nodal superconductivity in a number of FeAs-based superconductors. These include the 1111 oxypnictides [14] [15] [16] , BaFe 2 (As 1−x P x ) 17-20 , and KFe 2 As 2 [21] [22] [23] [24] [25] . The latter material corresponds to the heavily hole doped region of the phase diagram with a relatively low superconducting transition temperature of T c ≈ 3 K, as compared to the optimally doped Ba 0.6 K 0.4 Fe 2 As 2 which has a higher value of T c ≈ 37 K and two nodeless gaps 6 . This crossover from nodeless to nodal superconductivity was suggested to correspond to a change from s ± to d-wave pairing symmetry [25] [26] [27] . Between these states the system would be expected to pass through a time reversal symmetry breaking s+id state 28 . Mixed evidence for such a phase has been found from muon-spin relaxation (µSR), where time reversal symmetry breaking was not found in initial measurements 29 , but evidence was subsequently observed from measurements of ion-irradiated samples 30 . Meanwhile ARPES measurements indicate that KFe 2 As 2 displays nodal superconductivity but with an s-wave pairing state overall 24 .
The '122' structure of (Ba,K)Fe 2 As 2 is body centered tetragonal, where the Fe 2 As 2 layers which are ubiquitous in the iron arsenide superconductors, are situated between layers of the alkaline/alkaline earth atoms. However, FeAs-based materials consisting of different layered arrangements can also be synthesized such as CaAFe 4 As 4 (A = K, Rb, Cs) 31 . In this case, the structure now has alternating sheets of Ca and A atoms along the caxis, which breaks the symmetry in the Fe 2 As 2 layers and the As atoms above and below the Fe-plane are no longer crystallographically equivalent. Meanwhile stoichiometric CaKFe 4 As 4 has a high T c of around 35 K, and is intrinsically near optimal hole doping 31, 32 . Measurements of the superconducting gap structure and inelastic neutron scattering give clear evidence for a nodeless s ± pairing state, in line with the optimally doped '122' materials 12, 13, [33] [34] [35] .
Another recently discovered variant showing high temperature superconductivity are ACa 2 Fe 4 As 4 F 2 (A=K, Rb, Cs) 36, 37 . The crystal structure is displayed in Fig. 1(a) , where the Fe 2 As 2 layers are now surrounded by A atoms on one side and Ca 2 F 2 on the other, again leading to two distinct As sites above and below the Feplane. These materials also show large T c values of 28-33 K, depending on the element A, and are situated near to optimal doping. However the nature of the superconducting gap and therefore the pairing states of these new variants have not been characterized. In this Letter we report zero and transverse field µSR measurements of KCa 2 Fe 4 As 4 F 2 . The superfluid density derived from the depolarization rate of the transverse field measurements shows a lack of saturation at low temperatures, and the analysis provides clear evidence for nodal multigap superconductivity. Meanwhile, the relaxation observed in zero-field µSR shows a weak temperature dependence but no evidence for time reversal symmetry breaking upon entering the superconducting state. These results indicate a different route to nodal superconductivity in high temperature FeAs-based superconductors.
Polycrystalline samples of KCa 2 Fe 4 As 4 F 2 were synthesized using the solid state reaction method described in Ref. 36 . As can be seen from the temperature dependence of the magnetic susceptibility shown in Fig. 1(b) , the samples show a sharp superconducting transition at around T c ≈ 33 K. Muon-spin relaxation/rotation (µSR) measurements were performed on the MuSR spectrometer at the ISIS facility 38 . Spin-polarized positive muons are implanted into the sample, which decay with a half life of 2.2 µs, emitting a positron. Since the positrons are preferentially emitted along the direction of the muon spin, by detecting the asymmetry of the emitted positrons, information can be obtained about the local magnetic field distribution at the muon stopping site. Zero-field µSR measurements were performed with the detectors in the longitudinal configuration, where the stray magnetic fields are cancelled to within 1 µT using an active compensation system. The transverse field measurements were performed with detectors in a transverse arrangement, with a field of 40 mT applied perpendicular to the initial muon polarization direction. The KCa 2 Fe 4 As 4 F 2 sample was powdered and mounted on a silver plate (99.999%), since the signal from muons stopping in silver depolarizes at a negligible rate. All of the data were analyzed using WiMDA 39 .
Zero-field µSR measurements were performed from 1.5 K to 100 K, and the observed asymmetries are displayed in Fig. 2(a) for three temperatures. The data were fitted with the sum of a Lorentzian and Gaussian relaxation function A(t) = A λ exp(−Λt)+A σ exp(−σ 2 ZF t 2 /2)+ A bg , where the background term A bg was fixed from fitting at 100 K. It should also be noted that at 1.5 K, there is evidence for a small additional fast relaxation at short times. The fitted parameters are displayed in Fig. 2(b) , where it can be seen that with decreasing temperature, there is a gradual increase of Λ, whereas there is little change of σ ZF . These results suggest the presence of weak magnetic fluctuations, but neither quantity shows a detectable anomaly upon passing through T c , indicating an absence of time reversal symmetry breaking. However, since Λ(T ) is not temperature independent, a small time reversal symmetry breaking signal as observed in some superconductors cannot be completely excluded 40, 41 .
Figures 3(a) and (c) display µSR spectra measured in a transverse field of 40 mT, performed at 40 K and 0.3 K respectively, above and below T c . At 40 K, the muons precess at a single frequency, as shown by the maximum entropy spectrum in Fig. 3(b) , with a slow depolarization arising from nuclear moments which are quasistatic on the timescale of the muon lifetime. Meanwhile in the superconducting state at 0.3 K, it can be seen that there is a significant increase of the depolarization rate [ Fig. 3(c) ]. The maximum entropy spectrum in Fig. 3(d) shows that in addition to a sharp narrow peak in the field distribution centered around the applied field, there is also a broader component, the bulk of which corresponds to fields smaller than the applied transverse field. Such a distribution is a clear signature of a type-II superconductor in the mixed state 42 . As shown by the dashed line in Fig. 3(d) , the field distribution in the superconducting state can be well accounted for by fitting with two Gaussian functions. Since the narrow component at the applied field corresponds to muons stopping in the silver sample holder, this demonstrates that the field distribution within the vortex lattice is well characterized by a single Gaussian centered at a field below 40 mT. Consequently, the time spectra were fitted using
where γ µ /2π = 135.5 MHz/T is the muon gyromagnetic ratio, σ is the Gaussian relaxation rate, φ is related to the detector geometry, A 0 and A 1 are the amplitudes of the components from the sample and silver respectively, while B 0 and B 1 are the corresponding internal magnetic fields. The total amplitudes for each group of detectors were fixed, as well as the amplitude ratio A 0 /A 1 = 4.12, allowing for the temperature dependence of the muon relaxation rate σ(T ) to be obtained. We note that adding an additional Gaussian term to Eq. 1 leads to overfitting of the data, and therefore this was not used. In addition, unlike the zero-field measurements, the transverse field ab (T ) data up to 10 K is consistent with a linear temperature dependence. spectra are well described at all temperatures by a purely Gaussian relaxation, with no Lorentzian component. The superconducting contribution to the depolarization rate was calculated by subtracting the nuclear contribution via σ sc = σ 2 − σ 2 nuc , where the component from the nuclear spins σ nuc = 0.092(1)µs −1 was determined from the values above T c . For applied fields much less than the upper critical field, σ sc can be related to the effective penetration depth λ eff using σ sc /γ µ = 0.0609Φ 0 /λ 2 eff , where Φ 0 is the magnetic flux quantum 43 . Since the material is an anisotropic layered compound where the out of plane penetration depth (λ c ) greatly exceeds the in-plane value (λ ab ), for a polycrystalline sample λ eff is dominated by λ ab , where λ eff = 3 1 4 λ ab 44 . Figure 4 displays the temperature dependence of λ −2 ab (T ), which is proportional to the superfluid density and therefore provides information about the superconducting gap structure. It can be seen that with decreasing temperature there is no evidence for the saturation of λ −2 ab (T ) down to the lowest measured temperatures, indicating the presence of nodes in the superconducting gap. For a fully gapped superconductor at sufficiently low temperatures, thermal excitations are unable to depopulate the superconducting condensate, leading to constant λ ab (0) − aT , where a is a constant, and it can be seen in the inset that the data are compatible with a linear increase from the lowest measured temperature up to around 10 K (corresponding to a total change in σ(T ) of ≈ 0.2µs
−2 was modelled using
where
, where ∆(0) is the zero temperature magnitude. The angular dependence g(ϕ) is given by g(ϕ) = 1 or cos(2ϕ) for an s-wave
The data were fitted with various models for the superfluid density, with both one and two gaps. Neither a single fully gapped s-wave model (not displayed), nor a single d-wave gap with line nodes can fit the data well. In particular, it can be seen in Fig. 4 that upon reducing the temperature, there is an inflection point at around 10 K, below which there is an upturn in λ −2 ab (T ). Such behavior is difficult to account for with single gap models, but suggests the presence of multiple gaps. Various two-gap models were fitted to the data by adding the weighted sum of two components, wherẽ n(T ) = xñ The observation of multiband nodal superconductivity in KCa 2 Fe 4 As 4 F 2 is markedly different to the similar iron pnictide superconductor CaKFe 4 As 4 , where clear evidence is found for multigap nodeless superconductivity with an s ± pairing state 12, 13, [33] [34] [35] . This difference is all the more puzzling since both materials are stoichiometric compounds and therefore should be similarly near optimal hole doping 32, 36 . In addition, similar to many other FeAs-based superconductors but unlike the nodal material KFe 2 As 2 24 , electronic structure calculations for KCa 2 Fe 4 As 4 F 2 show the presence of hole pockets at the zone center and electron pockets at the edge, from which a nodeless s ± state may be anticipated 47 . Therefore the change in gap structure between CaKFe 4 As 4 and KCa 2 Fe 4 As 4 F 2 is not likely to be analogous to the case of (Ba 1−x K x )Fe 2 As 2 , where the shift from nodeless to nodal superconductivity emerges upon strong hole doping as x is increased. There is also evidence that pressure can lead to a change from nodeless to nodal superconductivity in Ba 0.65 Rb 0. 35 For the fits to the superfluid density of KCa 2 Fe 4 As 4 F 2 using the s + d and d + d models, the respective magnitudes of the larger of the two gaps are 3.52(3)k B T c and 5.08(1)k B T c , which we note are significantly greater than the theoretical weak coupling values (1.76k B T c and 2.14k B T c for s-and d-wave respectively) 50, 51 . While this may suggest the presence of strongly coupled superconductivity, the fitted gap values for models with highly anisotropic gaps are sensitive to the form of the gap function and the nature of the Fermi surface. For instance, if the gap nodes are only present on a relatively small region of the Fermi surface, as was proposed for BaFe 2 (As 0.7 P 0.3 ) 2 from ARPES measurements 52 , then the superfluid density would drop less rapidly with temperature than for a d-wave gap with more extended nodal regions, which may account for the larger extracted gap values. Such a small nodal region is also consistent with the high value of T c 52 , as compared to the considerable lower value in KFe 2 As 2 (T c ≈ 3 K). However, while in both BaFe 2 (As 1−x P x ) 2 and KCa 2 Fe 4 As 4 F 2 the nodal superconductivity does not arise due to tuning the carrier concentration, in BaFe 2 (As 1−x P x ) 2 , increasing x corresponds to doping into the Fe-As layers leading to a positive chemical pressure effect 53 . This is quite different to the case of CaKFe 4 As 4 and KCa 2 Fe 4 As 4 F 2 , where the nodal superconductivity is brought about by swapping one of the spacer layers. It is noted that both these materials are asymmetric with respect to the Fe atoms, so that the As above and below the Fe-planes are crystallographically inequivalent, and the effect of this asymmetry on the electronic structure and pairing symmetry requires further exploration. However, our results indicate a different route for tuning the gap structures of iron based superconductors. As such, in order to understand this change and to identify the pairing symmetry, it is vital to further characterize the superconducting properties of KCa 2 Fe 4 As 4 F 2 . It is of particular importance to probe the exact nature of the gap anisotropy from single crystal studies and to look for the spin resonance via inelastic neutron scattering measurements.
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